The data in this study is owned by the UK Biobank ([www.ukbiobank.ac.uk](http://www.ukbiobank.ac.uk)) and as researchers we are not entitled to republish or otherwise make available any UK Biobank data at the individual participant level (<https://www.ukbiobank.ac.uk/wpcontent/uploads/2013/10/ukbiobank-data-management.pdf>). However, any bona fide researcher can apply to use the UK Biobank resource for health-related research that is in the public interest by following the registration and access link <https://bbams.ndph.ox.ac.uk/ams/>.

Introduction {#sec004}
============

COVID-19 is an ongoing pandemic caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) \[[@pone.0238091.ref001]--[@pone.0238091.ref003]\]. COVID-19 clinical manifestations range from asymptomatic and mild upper respiratory symptoms to severe respiratory failure and death \[[@pone.0238091.ref004]\]. A range of prognostic factors for greater mortality from COVID-19 have been identified including age \[[@pone.0238091.ref005]\], male sex \[[@pone.0238091.ref006]\], non-white ethnicity \[[@pone.0238091.ref007]\], obesity \[[@pone.0238091.ref008]\], pre-existing long-term conditions (LTCs; e.g. hypertension \[[@pone.0238091.ref009]\], diabetes \[[@pone.0238091.ref010]\], chronic kidney disease \[[@pone.0238091.ref011]\]), and multimorbidity (presence of ≥2 LTCs) \[[@pone.0238091.ref011]--[@pone.0238091.ref013]\]. As a result, a key mitigation strategy in many countries is the identification and protection of those deemed vulnerable or at higher risk of adverse outcomes \[[@pone.0238091.ref014]\].

For example, in both the UK and the USA, age (≥70 in UK and ≥65 in USA), severe obesity (BMI ≥40 kg/m^2^), being immunocompromised, and certain LTCs (e.g. cardiac/respiratory/renal disease) are used to identify those at higher risk of severe disease \[[@pone.0238091.ref014], [@pone.0238091.ref015]\]. Individuals who meet any of these criteria have been asked to be more cautious and adhere to public health guidance (e.g. social distancing) more strictly than the general population. In the UK, this higher-risk group is distinct from those with specific LTCs (e.g. leukaemia) who are considered 'extremely high risk' and, as a result, are asked to 'shield' and not leave their homes at all \[[@pone.0238091.ref016]\].

To date, LTC prognostic factors for severe COVID-19 primarily involve single conditions and there is a lack of data on the influence of multimorbidity on the risk of COVID-19 \[[@pone.0238091.ref005], [@pone.0238091.ref013], [@pone.0238091.ref017]\]. Multimorbidity prevalence is increasing worldwide and is associated with higher mortality, with different disease clusters associated with even higher mortality \[[@pone.0238091.ref018]--[@pone.0238091.ref021]\]. Polypharmacy, closely linked to multimorbidity \[[@pone.0238091.ref022]\], is also associated with adverse health outcomes \[[@pone.0238091.ref023]\]. Therefore, it is plausible that the number of LTCs, type of LTCs, and polypharmacy are associated with a higher risk of developing severe COVID-19. Furthermore, it is plausible that the adverse consequences of multimorbidity on COVID-19 risk may be greater for population subgroups (e.g. people aged ≥65 years, or those with a BMI ≥40kg/m^2^). Such knowledge would benefit clinicians, as this is routinely collected information in many clinical settings. Using a large UK population cohort, UK Biobank, we aimed to investigate:

1.  the association between multimorbidity (by number and type of LTC, and by level of polypharmacy) and COVID-19.

2.  the potential effect modification of known COVID-19 sociodemographic and physiological risk factors on the association between multimorbidity and COVID-19.

Methods {#sec005}
=======

Study design and data collection {#sec006}
--------------------------------

Data came from UK Biobank, a longitudinal population-based cohort of 502,503 participants aged between 37--73 years old at baseline from England, Wales and Scotland \[[@pone.0238091.ref024]\]. Baseline data were collected across 22 assessment centres between 2006--2010. UK Biobank contains detailed biological measurements and self-reported demographic, lifestyle, and health information elicited by touch-screen questionnaire and nurse-led interview. COVID-19 test samples were collected and processed between 16 March 2020 and 18^th^ May 2020. COVID-19 test results were provided by Public Health England (PHE) \[[@pone.0238091.ref025]\]. Data presented here are from participants recruited from 16 assessment centres located in England only (5 participants with COVID-19 test data were excluded as they attended baseline assessment centres in Scotland or Wales). Participants who had died prior to the last available mortality register extraction (14 February 2018) were also excluded. This resulted in a final eligible study population of 428,199 participants.

This study was conducted as part of UK Biobank project number 14151 and is covered by the generic ethics approval for UK Biobank studies from the NHS National Research Ethics Service (16/NW/0274).

Outcomes {#sec007}
--------

Our outcome of interest was confirmed COVID-19 infection (defined as at least one positive test result). Whether or not participants received a COVID-19 test was used as an outcome for a secondary analysis, presented in Supplementary Material ([S1](#pone.0238091.s001){ref-type="supplementary-material"}--[S3](#pone.0238091.s003){ref-type="supplementary-material"} Tables).

Measurement of LTCs {#sec008}
-------------------

Physician-diagnosed LTCs were self-reported and confirmed at nurse-led interview at baseline. Number of LTCs, based on 43 commonly occurring LTCs from previous UK Biobank work \[[@pone.0238091.ref021]\], were categorised into 0, 1, and ≥2. When used as a predictor variable for COVID-19, LTCs were modelled using three measures: total number of LTCs; number of cardiometabolic LTCs (diabetes, coronary heart disease, atrial fibrillation, chronic heart failure, chronic kidney disease, hypertension, stroke/transient ischaemic attack, or peripheral vascular disease); and number of respiratory LTCs (asthma, chronic obstructive pulmonary disease, chronic bronchitis, emphysema, or bronchiectasis).

Measurement of polypharmacy {#sec009}
---------------------------

Participant medication numbers were based on self-report at baseline and categorised into: 0, 1--3, 4--6, 7--9 and, ≥10 medications.

Exposures {#sec010}
---------

As for LTC and polypharmacy measures, all exposures were based on assessment at the time of recruitment. Sex was collected as a binary variable (male/female). Age at time of COVID-19 test was calculated using age at baseline, and dates of baseline assessment and COVID-19 test extract, and categorised as 48--59, 60--69, and 70--86 years. Ethnicity was self-reported and categorised as Asian/Asian British, black/black British, Chinese, mixed, white and other. Socioeconomic deprivation was measured using the Townsend score of participants' postcode of residence derived from Census data on car ownership, household occupancy, unemployment, and occupation and categorised into quintiles \[[@pone.0238091.ref026]\]. Smoking status was dichotomised as never and current/former. Frequency of alcohol intake was categorised into: "Never or special occasions only", "1--3 times a month", "1--4 times a week", or "Daily or almost daily". Level of physical activity was defined as "none", "low", "medium", or "high" using Metabolic Equivalent Task (MET) scores based on the International Physical Activity Questionnaire (IPAQ) scoring protocol \[[@pone.0238091.ref027]\]. Assessment centre location, a categorical variable, describes attendance at one of sixteen assessment centres included in this study. BMI was derived from weight and height and categorised as \<18.5, 18.5--25, 25--30, 30--35, or \>35 kg/m^2^. The UK Biobank study protocol is described in more detailed online \[[@pone.0238091.ref028]\].

To assess potential effect modification on the association between multimorbidity and COVID-19, known COVID-19 risk factors were re-categorised into dichotomous variables based on at-risk status: age (\</≥65 years), ethnicity (white/non-white), physical activity (\</≥ current UK guidelines of 150 min/week moderate or 75 min/week vigorous physical activity) \[[@pone.0238091.ref029]\], and BMI (\</≥40kg/m^2^; severely obese) \[[@pone.0238091.ref015]\]. Due to previously identified associations with severe COVID-19, two additional physiological risk factors were also included in this analysis: raised systolic blood pressure (\</≥140 mmHg) as a marker of hypertension \[[@pone.0238091.ref009]\]; and reduced estimated glomerular filtration rate (eGFR; \</≥60 ml/min/1.73 m^2^), with \<60 ml/min/1.73 m^2^ used as a marker of chronic kidney disease \[[@pone.0238091.ref030]\]. eGFR was calculated by the CKD-EPI equation \[[@pone.0238091.ref031]\].

Statistical analyses {#sec011}
--------------------

We compared participants who tested positive for COVID-19 with those who tested negative or were not tested, based on sociodemographics (age, sex, Townsend score and ethnicity), lifestyle (smoking status, frequency of alcohol intake, physical activity), BMI, LTCs, and medication counts using χ^2^ tests. Poisson regression models were then used to test for an association between outcome measure (confirmed COVID-19 infection vs. no COVID-19 infection, including those with a negative result and those not tested) and number of LTCs (all, cardiometabolic and respiratory LTCs)/level of polypharmacy. We chose Poisson regression models rather than logistic regression to provide more interpretable relative risks as opposed to odds ratios \[[@pone.0238091.ref032]\]. Participants with no LTCs, no cardiometabolic LTCs, no respiratory LTCs, or not taking any medication formed the respective reference groups. Two models were conducted, adjusting for 1) sociodemographic variables (as above plus assessment centre location), and 2) as for model 1 adjustments plus lifestyle variables and BMI. For both χ^2^ tests and Poisson regression models, p\<0.01 was considered statistically significant.

Next, we assessed whether there was evidence of effect modification on an additive scale by examining how the association between multimorbidity and COVID-19 differed across strata of known COVID-19 risk factors: sex, age, ethnicity, Townsend score, smoking, physical activity, BMI, systolic blood pressure, and eGFR. For each risk factor, the reference category was participants in the lowest risk category for that risk factor who also had no LTCs. We used Poisson regression models to examine the association between LTC and COVID-19 across the other combinations of LTC and risk factor categories. We tested formally for interactions by performing ANOVA tests between two models for each risk factor: one model containing an interaction term between the risk factor and number of LTCs, and one without the interaction term. Interactions were considered significant if p\<0.01 for each ANOVA. As a secondary analysis we re-ran the analyses with the outcome as tested vs. not tested for COVID-19. The number of participants in each model varied depending on the proportion missing data for any included variable, however, the maximum proportion of missing data for any variable of interest was 2.9% (N = 12,350) for systolic blood pressure. All analyses were conducted using R studio v.1.2.1335 operating R v.3.6.1.

Results {#sec012}
=======

Demographic and lifestyle factors {#sec013}
---------------------------------

Of 428,199 eligible participants, 1,324 (0.31%) tested positive for COVID-19. Participants who tested positive for COVID-19 were older and more likely to be male, non-white, in the most deprived quintile, current/former smokers, drink alcohol rarely, to have a BMI of ≥40 kg/m^2^, do no physical activity, to have more LTCs (including cardiometabolic and respiratory LTCs), and to be taking more medications, compared to those who did not have a positive COVID-19 test ([Table 1](#pone.0238091.t001){ref-type="table"}).

10.1371/journal.pone.0238091.t001

###### Cohort characteristics by COVID-19 test positive or not.

![](pone.0238091.t001){#pone.0238091.t001g}

                                                       COVID-19 test negative or not tested   COVID-19 test positive
  ---------------------------------------------------- -------------------------------------- ------------------------
  **Sex**                                                                                     
  Female                                               234,507                                628
  54.9 %                                               47.4 %                                 
  Male                                                 192,368                                696
  45.1 %                                               52.6 %                                 
  **Age at COVID-19 test (years)**                                                            
  48--59                                               94,652                                 381
  22.2 %                                               28.8 %                                 
  60--69                                               139,817                                307
  32.8 %                                               23.2 %                                 
  70--86                                               192,406                                636
  45.1 %                                               48.0 %                                 
  **Ethnicity**                                                                               
  White                                                399,388                                1,139
  94.1 %                                               86.7 %                                 
  Asian or Asian British                               9,186                                  60
  2.2 %                                                4.6 %                                  
  Black or Black British                               7,650                                  76
  1.8 %                                                5.8 %                                  
  Chinese                                              1,396                                  6
  0.3 %                                                0.5 %                                  
  Mixed                                                2,652                                  9
  0.6 %                                                0.7 %                                  
  Other ethnic group                                   4,181                                  23
  1.0 %                                                1.8 %                                  
  **Townsend quintile**                                                                       
  1 (least deprived)                                   84,840                                 179
  19.9 %                                               13.5 %                                 
  2                                                    86,510                                 207
  20.3 %                                               15.6 %                                 
  3                                                    85,788                                 222
  20.1 %                                               16.8 %                                 
  4                                                    85,402                                 290
  20.0 %                                               21.9 %                                 
  5 (most deprived)                                    83,835                                 425
  19.7 %                                               32.1 %                                 
  **Smoking status**                                                                          
  Never                                                235,056                                642
  55.4 %                                               49 %                                   
  Current or Previous                                  189,299                                669
  44.6 %                                               51.0 %                                 
  **Frequency of alcohol intake**                                                             
  Never or special occasions only                      82,785                                 363
  19.5 %                                               27.5 %                                 
  One to three times a month                           47,535                                 183
  11.2 %                                               13.9 %                                 
  One to four times a week                             208,046                                563
  48.9 %                                               42.7 %                                 
  Daily or almost daily                                87,211                                 209
  20.5 %                                               15.9 %                                 
  **Physical activity level**                                                                 
  None                                                 25,887                                 157
  6.2 %                                                12.2 %                                 
  Low                                                  15,687                                 51
  3.7 %                                                4.0 %                                  
  Medium                                               335,775                                957
  79.8 %                                               74.5 %                                 
  High                                                 43,383                                 120
  10.3 %                                               9.3 %                                  
  **BMI (kg/m**^**2**^**)**                                                                   
  \<18.5                                               2,138                                  7
  0.5 %                                                0.5 %                                  
  18.5--25                                             135,563                                297
  31.9 %                                               22.7 %                                 
  25--30                                               182,243                                551
  42.9 %                                               42.1 %                                 
  30--35                                               75,201                                 282
  17.7 %                                               21.5 %                                 
  ≥35                                                  29,210                                 172
  6.9 %                                                13.1 %                                 
  **Number of long-term conditions**                                                          
  0                                                    148,826                                351
  35.0 %                                               26.8 %                                 
  1                                                    139,963                                385
  32.9 %                                               29.4 %                                 
  ≥ 2                                                  136,508                                572
  32.1 %                                               43.7 %                                 
  **Number of cardiometabolic long-term conditions**                                          
  0                                                    300,363                                773
  70.4 %                                               58.4 %                                 
  1                                                    103,185                                394
  24.2 %                                               29.8 %                                 
  ≥ 2                                                  23,327                                 157
  5.5 %                                                11.9 %                                 
  **Number of respiratory long-term conditions**                                              
  0                                                    373,026                                1,120
  87.4 %                                               84.6 %                                 
  1                                                    51,226                                 186
  12.0 %                                               14.0 %                                 
  ≥ 2                                                  2,623                                  18
  0.6 %                                                1.4 %                                  
  **Number of medications**                                                                   
  0                                                    121,288                                296
  28.5 %                                               22.4 %                                 
  1--3                                                 197,296                                526
  46.3 %                                               39.8 %                                 
  4--6                                                 76,265                                 298
  17.9 %                                               22.5 %                                 
  7--9                                                 22,779                                 130
  5.3 %                                                9.8 %                                  
  ≥ 10                                                 8,538                                  72
  2 %                                                  5.4 %                                  

This table uses participants with COVID-19 positive tests as positive group and all other participants as negative group. All chi squared tests p\<0.01.

Multimorbidity and COVID-19 {#sec014}
---------------------------

In the fully adjusted model (Model 2), compared to those with no LTCs, participants with 1 LTC had no higher risk of having a positive test for COVID-19 (RR 1.12 (0.96--1.30) p = 0.15), but those with ≥2 LTCs had a 48% higher risk (RR 1.48 (1.28--1.71) p\<0.01) ([Table 2](#pone.0238091.t002){ref-type="table"}). Compared to those with no cardiometabolic LTCs, those with 1 cardiometabolic LTC had a 28% higher risk (RR 1.28 (1.12--1.46) p\<0.01), and those with ≥2 cardiometabolic LTCs had a 77% higher risk (RR 1.77 (1.46--2.15) p\<0.01) ([Table 2](#pone.0238091.t002){ref-type="table"}). Participants with one respiratory LTC had no greater risk of a positive COVID-19 test compared to those with no respiratory LTCs (RR 1.14 (0.97--1.33) p = 0.12; [Table 2](#pone.0238091.t002){ref-type="table"}). There was a higher risk of having a positive COVID-19 test in those with ≥2 respiratory LTCs (RR 1.78 (1.10--2.88) p = 0.02) compared to 0 respiratory LTCs but this did not meet our p-value threshold of 0.01. However, it is a similar higher risk observed (78%) as for participants with ≥2 cardiometabolic conditions (77%); the lack of statistical significance may be explained by the much lower number of participants in the group with ≥2 respiratory LTCs (N = 2,641) compared to ≥2 cardiometabolic conditions (N = 23,484).

10.1371/journal.pone.0238091.t002

###### Relative risk of positive COVID-19 test by LTC groups (Poisson regression).

![](pone.0238091.t002){#pone.0238091.t002g}

  Measure of Multimorbidity (n)        Model 1 RR (95% CI)   P value                                     Model 2 RR (95% CI)   P value
  ------------------------------------ --------------------- ------------------------------------------- --------------------- -------------------------------------------
  **Total number of LTCs**                                                                                                     
  0 (149,177)                          1 (ref)               \-                                          1 (ref)               \-
  1 (140,348)                          1.18 (1.02--1.36)     0.03                                        1.12 (0.96--1.30)     0.15
  ≥2 (137,080)                         1.73 (1.51--1.99)     [\*\*\*](#t002fn002){ref-type="table-fn"}   1.48 (1.28--1.71)     [\*\*\*](#t002fn002){ref-type="table-fn"}
  **Number of cardiometabolic LTCs**                                                                                           
  0 (301,136)                          1 (ref)               \-                                          1 (ref)               \-
  1 (103,579)                          1.41 (1.24--1.60)     [\*\*\*](#t002fn002){ref-type="table-fn"}   1.28 (1.12--1.46)     [\*\*\*](#t002fn002){ref-type="table-fn"}
  ≥2 (23,484)                          2.17 (1.82--2.60)     [\*\*\*](#t002fn002){ref-type="table-fn"}   1.77 (1.46--2.15)     [\*\*\*](#t002fn002){ref-type="table-fn"}
  **Number of respiratory LTCs**                                                                                               
  0 (374,146)                          1 (ref)               \-                                          1 (ref)               \-
  1 (51,412)                           1.20 (1.03--1.41)     0.02                                        1.14 (0.97--1.33)     0.12
  ≥2 (2,641)                           2.09 (1.31--3.33)     [\*\*\*](#t002fn002){ref-type="table-fn"}   1.78 (1.10--2.88)     0.02
  **Number of medications**                                                                                                    
  0 (121,584)                          1 (ref)               \-                                          1 (ref)               \-
  1--3 (192,822)                       1.13 (0.98--1.31)     0.10                                        1.07 (0.93--1.24)     0.36
  4--6 (76,563)                        1.58 (1.34--1.87)     [\*\*\*](#t002fn002){ref-type="table-fn"}   1.41 (1.18--1.67)     [\*\*\*](#t002fn002){ref-type="table-fn"}
  7--9 (22,909)                        2.24 (1.81--2.77)     [\*\*\*](#t002fn002){ref-type="table-fn"}   1.86 (1.49--2.33)     [\*\*\*](#t002fn002){ref-type="table-fn"}
  ≥ 10 (8,610)                         3.09 (2.37--4.03)     [\*\*\*](#t002fn002){ref-type="table-fn"}   2.42 (1.82--3.21)     [\*\*\*](#t002fn002){ref-type="table-fn"}

Model 1: Adjusted for age, sex, Townsend score, ethnicity, and assessment centre location. Model 2: As model 1 and additionally adjusted for smoking status, alcohol intake frequency, BMI, and physical activity. RR = Relative risk; CI = confidence interval; n = number of participants; LTC = long-term condition; Cardiometabolic LTC = diabetes, coronary heart disease, atrial fibrillation, chronic heart failure, chronic kidney disease, hypertension, stroke/TIA or peripheral vascular disease; Respiratory LTC = asthma, chronic obstructive pulmonary disease, chronic bronchitis, emphysema, or bronchiectasis.

\*\*\*p\<0.01 Note: These results show the RR of a positive COVID-19 test versus a negative COVID-19 test or not tested (counterfactual group contains both participants who have a negative COVID-19 test result and participants who were not tested (n = 426,875)).

Polypharmacy and COVID-19 {#sec015}
-------------------------

Compared to those taking no medications, in the fully adjusted model (Model 2) there was a clear dose relationship whereby the risk of a COVID-19 positive test rose steadily with polypharmacy level ([Table 2](#pone.0238091.t002){ref-type="table"}): 4--6 medications (RR 1.41 (1.18--1.67) p\<0.01); 7--9 medications (RR 1.86 (1.49--2.33) p\<0.01); and ≥10 medications (RR 2.42 (1.82--3.21) p\<0.01).

Interactions between COVID-19 prognostic factors and multimorbidity {#sec016}
-------------------------------------------------------------------

For all risk factors examined, there was a general trend of higher risk of a positive COVID-19 test with increasing LTCs and at-risk subgroups ([Fig 1](#pone.0238091.g001){ref-type="fig"}; [Table 3](#pone.0238091.t003){ref-type="table"}). Further, for all prognostic factors, in participants with ≥2 LTCs there was a higher risk of a positive COVID-19 test for each risk factor subgroup when examining ethnicity, physical activity, BMI, systolic blood pressure, and eGFR. For some factors, having ≥2 LTCs was associated with an increased risk of COVID-19 infection only in the at-risk sub-group: males when examining sex; \>65 years when examining age; and current/previous smoker when examining smoking status. When observing the effect of socioeconomic status, significantly higher risk of COVID-19 infection was apparent in the more deprived quintiles. There was no evidence of a multiplicative interaction between all risk factors modelled and number of LTCs. However, there appeared to be an additive effect whereby the combination of multimorbidity and each prognostic factor was associated with greater risk of COVID-19 infection. Of those with no LTCs, being ≥65 years old was associated with 34% lower risk of COVID-19 compared with those \<65 years old.

![Relative risk of positive COVID-19 test by long-term condition count and prognostic factors (Poisson regression).\
Prognostic factors: a) Sex, b) Age (years), c) Ethnicity, d) Townsend quintile (1 least deprived; 5 most deprived), e) Smoking status, f) Physical activity level (based on UK guidelines), g) Body-mass index (BMI; kg/m^2^), h) Systolic blood pressure (mmHg), and i) estimated glomerular filtration rate (eGFR; ml/min/1.73m^2^). Models were adjusted for sex, age, ethnicity, Townsend score, smoking status, alcohol intake frequency, physical activity, BMI, and assessment centre location.](pone.0238091.g001){#pone.0238091.g001}

10.1371/journal.pone.0238091.t003

###### Relative risk of positive COVID-19 test by LTC count and prognostic factors (Poisson regression).

![](pone.0238091.t003){#pone.0238091.t003g}

  Prognostic factor                                           LTC count      Prognostic factor subgroup   N                                           Relative risk (95% CI)                      P value
  ----------------------------------------------------------- -------------- ---------------------------- ------------------------------------------- ------------------------------------------- ---------
  **Sex**                                                     0              Female                       80,212                                      1 (ref)                                     
  Male                                                        68,965         1.08 (0.87--1.33)            0.51                                                                                    
  1                                                           Female         76,383                       0.95 (0.77--1.18)                           0.67                                        
  Male                                                        63,965         1.39 (1.13--1.71)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  ≥2                                                          Female         77,492                       1.24 (1.01--1.51)                           0.04                                        
  Male                                                        59,588         1.88 (1.54--2.29)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  **Age at COVID-19 test (years)**                            0              \< 65                        16,470                                      1 (ref)                                     
  ≥ 65                                                        132,707        0.66 (0.53--0.82)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  1                                                           \< 65          25,029                       1.07 (0.87--1.31)                           0.51                                        
  ≥ 65                                                        115,319        0.82 (0.68--1.00)            0.05                                                                                    
  ≥2                                                          \< 65          36,865                       0.99 (0.79--1.25)                           0.96                                        
  ≥ 65                                                        100,215        1.29 (1.09--1.53)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  **Ethnicity**                                               0              White                        138,677                                     1 (ref)                                     
  Other                                                       9,492          1.84 (1.34--2.54)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  1                                                           White          131,644                      1.10 (0.94--1.29)                           0.24                                        
  Other                                                       8,055          2.28 (1.67--3.11)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  ≥2                                                          White          129,033                      1.47 (1.26--1.72)                           [\*\*\*](#t003fn002){ref-type="table-fn"}   
  Other                                                       7,408          2.81 (2.09--3.78)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  **Townsend quintile (1-least deprived; 5-most deprived)**   0              1                            30,995                                      1 (ref)                                     
  2                                                           31,206         1.24 (0.84--1.82)            0.28                                                                                    
  3                                                           30,394         1.19 (0.80--1.75)            0.39                                                                                    
  4                                                           29,633         1.46 (1.01--2.12)            0.04                                                                                    
  5                                                           26,956         1.96 (1.37--2.80)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  1                                                           1              28,723                       1.47 (1.00--2.14)                           0.05                                        
  2                                                           28,898         1.34 (0.92--1.97)            0.13                                                                                    
  3                                                           28,605         1.39 (0.95--2.04)            0.09                                                                                    
  4                                                           27,950         1.79 (1.25--2.46)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  5                                                           26,005         1.79 (1.19--2.70)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  ≥2                                                          1              25,310                       1.57 (1.07--2.30)                           0.02                                        
  2                                                           26,585         1.75 (1.21--2.52)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  3                                                           26,771         1.77 (1.23--2.55)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  4                                                           27,764         2.22 (1.57--3.15)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  5                                                           20,670         2.79 (2.00--3.90)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  **Smoking status**                                          0              never                        88,737                                      1 (ref)                                     
  current/previous                                            59,500         1.26 (1.02--1.57)            0.03                                                                                    
  1                                                           never          77,915                       1.18 (0.96--1.44)                           0.11                                        
  current/previous                                            61,781         1.33 (1.08--1.65)            0.01                                                                                    
  ≥2                                                          never          68,324                       1.39 (1.14--1.70)                           [\*\*\*](#t003fn002){ref-type="table-fn"}   
  current/previous                                            67,956         1.97 (1.62--2.38)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  **Physical activity level**                                 0              ≥ guidelines                 80,715                                      1 (ref)                                     
  \< guidelines                                               36,507         1.44 (1.09--1.91)            0.01                                                                                    
  1                                                           ≥ guidelines   74,324                       1.32 (0.94--1.83)                           0.11                                        
  \< guidelines                                               32,998         1.51 (1.13--2.00)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  ≥2                                                          ≥ guidelines   68,226                       1.87 (1.40--2.67)                           [\*\*\*](#t003fn002){ref-type="table-fn"}   
  \< guidelines                                               29,622         1.95 (1.43--2.67)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  **BMI (kg/m**^**2**^**)**                                   0              \<40                         146,986                                     1 (ref)                                     
  ≥40                                                         1,094          1.30 (0.49--3.50)            0.60                                                                                    
  1                                                           \<40           137,865                      1.14 (0.99--1.33)                           0.08                                        
  ≥40                                                         1,912          1.34 (0.63--2.85)            0.44                                                                                    
  ≥2                                                          \<40           131,416                      1.54 (1.33--1.78)                           [\*\*\*](#t003fn002){ref-type="table-fn"}   
  ≥40                                                         4,865          2.66 (1.88--3.76)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  **Systolic blood pressure (mm Hg)**                         0              \<140                        97,526                                      1 (ref)                                     
  ≥140                                                        47,162         0.88 (0.69--1.11)            0.28                                                                                    
  1                                                           \<140          78,786                       1.10 (0.91--1.32)                           0.33                                        
  ≥140                                                        57,921         1.04 (0.84--1.29)            0.73                                                                                    
  ≥2                                                          \<140          68,956                       1.40 (1.16--1.69)                           [\*\*\*](#t003fn002){ref-type="table-fn"}   
  ≥140                                                        63,979         1.46 (1.32--1.78)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               
  **eGFR (ml/min/1.73m**^**2**^**)**                          0              ≥ 60                         137,083                                     1 (ref)                                     
  \< 60                                                       1,270          0.74 (0.18--2.96)            0.67                                                                                    
  1                                                           ≥ 60           128,860                      1.09 (0.93--1.28)                           0.26                                        
  \< 60                                                       2,108          2.14 (1.17--3.92)            0.01                                                                                    
  ≥2                                                          ≥ 60           123,182                      1.43 (1.22--1.67)                           [\*\*\*](#t003fn002){ref-type="table-fn"}   
  \< 60                                                       4,981          2.13 (1.46--3.12)            [\*\*\*](#t003fn002){ref-type="table-fn"}                                               

Models were adjusted for sex, age, ethnicity, Townsend score, smoking status, alcohol intake frequency, physical activity, BMI, and assessment centre location. LTC = long-term condition; BMI = body mass index; eGFR = estimated glomerular filtration rate; guidelines = UK guidelines of 150 min/week moderate or 75 min/week vigorous physical activity.

\*\*\*p\<0.01.

Similar results overall were observed in the secondary analysis, where the above analyses were repeated in those who were tested for COVID-19 versus those who were not ([S1](#pone.0238091.s001){ref-type="supplementary-material"}--[S3](#pone.0238091.s003){ref-type="supplementary-material"} Tables).

Discussion {#sec017}
==========

Summary of key findings {#sec018}
-----------------------

This study showed that participants with multimorbidity (≥2 LTCs) had a 48% higher risk of a positive COVID-19 test, those with cardiometabolic multimorbidity had a 77% higher risk, and those with respiratory multimorbidity a 78% higher risk (albeit not statistically significant, p = 0.02), compared to those without that type of multimorbidity. Importantly, those from non-white ethnicities with multimorbidity had nearly three times the risk of having COVID-19 infection compared to those of white ethnicity, suggesting that those from minority ethnic groups with multimorbidity are at particular risk. COVID-19 prognostic factors appeared to have an additive effect by further increasing the risk of a positive COVID-19 test in those with multimorbidity.

Comparison with previous literature {#sec019}
-----------------------------------

Previous literature has suggested that the presence of single LTCs such as hypertension, diabetes, or COPD increase the risk of COVID-19 \[[@pone.0238091.ref033]\]. In an English primary care research cohort of 3,802 patients, confirmed COVID-19 infections were associated with male sex, black ethnicity, deprivation, chronic kidney disease, and urban setting \[[@pone.0238091.ref030]\]. A preprint report of linked primary care data on 17,425,445 adults in England, showed that older age, male sex, deprivation, and black and Asian ethnicity were associated with higher risk of COVID-19 related in-hospital deaths \[[@pone.0238091.ref011]\]. However, our study is the first to show a higher risk of a positive COVID-19 test in those with ≥2 LTCs and particularly in those with cardiometabolic multimorbidity.

It has also been suggested that the presence of multimorbidity could further increase the risk of adverse outcomes for people with COVID-19 \[[@pone.0238091.ref033]\]. Guan et al, in a cohort of 1,590 hospital patients with confirmed COVID-19, found a higher risk of a composite COVID-19 outcome (intensive care admission, invasive ventilation, or death) in those with 1 (HR 1.79 (95%CI 1.16--2.77)) and 2 (HR 2.59 (95%CI 1.61--4.17) comorbidities \[[@pone.0238091.ref009]\]. However, while they provided details of specific LTCs most likely to be present, especially in severe cases of infection (hypertension, cardiovascular/cerebrovascular diseases, diabetes, hepatitis B infections, COPD, chronic kidney diseases and malignancy), they did not describe which patterns of multimorbidity were associated with the greatest risk. A report on 3,200 patients with COVID-19 from Italy showed that, of the 481 patients who died, 48.6% had 3 or more comorbidities. However, again, while it listed the specific LTCs associated with increased risk, such as ischaemic heart disease and diabetes, it did not describe which patterns of multimorbidity were associated with the highest risk \[[@pone.0238091.ref013]\].

Strengths and limitations {#sec020}
-------------------------

As a large prospective cohort with rich demographic, lifestyle, health, and anthropometric data linked to COVID-19 test results, UK Biobank provides a valuable opportunity to examine the predictors for COVID-19 \[[@pone.0238091.ref034], [@pone.0238091.ref035]\]. In particular, the rich data allowed examination of the risk of a positive COVID-19 test in those with multimorbidity and the influence of a range of known sociodemographic, lifestyle and physiological risk factors for COVID-19. However, our study has a number of limitations. Firstly, the proportion of UK Biobank participants with COVID-19 test data is currently low (1.05%) which resulted in wide confidence intervals for groups with few participants. Secondly, the denominator for the test group included all those who had a negative test result as well as those who were not tested at all. At the time for which COVID-19 test data are available, the strategy in the UK had been to only test those in hospital (emergency department and inpatient) settings. This means the positive COVID-19 participants are likely to have had sufficiently severe clinical signs and symptoms to justify hospital assessment and those with COVID-19 but with mild symptoms are less likely to have been tested. Our results are therefore likely to reflect the associations with more severe COVID-19 disease. It is not known if the associations identified in this study would be similar for those with milder COVID-19 disease. Thirdly, exposures and moderators examined here were assessed at baseline only and may have changed during follow up. Depending on the direction and level of change since recruitment, more up-to-date data on exposures (e.g. smoking, alcohol intake, physical activity, and post code of residence) could have provided different results. However, LTC and medication count are likely to have remained the same or increased with time and therefore our effect size estimates may be conservative. Fourthly, UK Biobank participants are not representative of the general population and are acknowledged to be mostly white British, more affluent, and healthier than the general population \[[@pone.0238091.ref036]\]. Consequently, absolute values may not be generalisable, however, effect size estimates will be and strongly agree with more representative cohorts \[[@pone.0238091.ref037]\]. Finally, participants in this study were aged between 48--86 years old and associations between multimorbidity and COVID-19 may be different for younger age groups. This may be particularly important for participants from more deprived backgrounds who are more likely to have multimorbidity at a younger age \[[@pone.0238091.ref038], [@pone.0238091.ref039]\].

Implications {#sec021}
------------

Our work has clinical and practical implications as more countries navigate lifting COVID-19 restrictions. It demonstrates that multimorbidity, particularly cardiometabolic multimorbidity and polypharmacy, are strongly associated with COVID-19 infection and suggests that those who have multimorbidity coupled with additional risk factors, such as non-white ethnicity, are at increased risk. Such individuals should be particularly stringent in adhering to preventive measures, such as physical distancing and hand hygiene. Our findings also have implications for clinicians, occupational health and employers when considering work-place environments, appropriate advice for patients, and adaptations that might be required to protect such staff.

Future research is needed to corroborate these findings in other countries and in people from different ethnic backgrounds. We know that patterns of multimorbidity differ across ethnic groups and have different associations with mortality, so this merits further investigation \[[@pone.0238091.ref040]\]. We also need to explore the implications of different patterns of multimorbidity on COVID-19 related health care outcomes in the short and long term.

Conclusion {#sec022}
==========

This study suggests that multimorbidity, cardiometabolic disease, and polypharmacy are associated with COVID-19. Those with multimorbidity who were also of non-white ethnicity, from the most socioeconomically deprived backgrounds, those who were severely obese, or who had reduced renal function, had more than twice the risk of COVID-19 infection.

More work is required to develop risk stratification for COVID-19 in people with different patterns of multimorbidity in order to better define those individuals who would benefit from enhanced preventive measures in public, work, and residential spaces.

Supporting information {#sec023}
======================

###### Cohort characteristics by COVID-19 testing.

(DOCX)

###### 

Click here for additional data file.

###### Relative risk of COVID-19 testing by multimorbidity (Poisson regression).

(DOCX)

###### 

Click here for additional data file.

###### Relative risk of COVID-19 testing by LTC category and prognostic factors.

(DOCX)

###### 

Click here for additional data file.

The authors would like to thank the participants of UK Biobank and the UK Biobank for access to this data.
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Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

Please submit your revised manuscript by Aug 22 2020 11:59PM. If you will need more time than this to complete your revisions, please reply to this message or contact the journal office at <plosone@plos.org>. When you\'re ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.
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Kind regards,

Ying-Mei Feng
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2\. Thank you for stating the following in the Competing Interests section:

\"I have read the journal\'s policy and one author (JPP) of this manuscript has the following competing interest: JPP is a member of the Scientific Advisory Committee of UK Biobank. All other authors have no potential, perceived, or real conflicts of interest.\"

Please confirm that this does not alter your adherence to all PLOS ONE policies on sharing data and materials, by including the following statement: \"This does not alter our adherence to  PLOS ONE policies on sharing data and materials." (as detailed online in our guide for authors [http://journals.plos.org/plosone/s/competing-interests](about:blank)).  If there are restrictions on sharing of data and/or materials, please state these. Please note that we cannot proceed with consideration of your article until this information has been declared.

Please include your updated Competing Interests statement in your cover letter; we will change the online submission form on your behalf.

Please know it is PLOS ONE policy for corresponding authors to declare, on behalf of all authors, all potential competing interests for the purposes of transparency. PLOS defines a competing interest as anything that interferes with, or could reasonably be perceived as interfering with, the full and objective presentation, peer review, editorial decision-making, or publication of research or non-research articles submitted to one of the journals. Competing interests can be financial or non-financial, professional, or personal. Competing interests can arise in relationship to an organization or another person. Please follow this link to our website for more details on competing interests: [http://journals.plos.org/plosone/s/competing-interests](about:blank)

3\. We note that you have indicated that data from this study are available upon request. PLOS only allows data to be available upon request if there are legal or ethical restrictions on sharing data publicly. For information on unacceptable data access restrictions, please see <http://journals.plos.org/plosone/s/data-availability#loc-unacceptable-data-access-restrictions>.

In your revised cover letter, please address the following prompts:

a\) If there are ethical or legal restrictions on sharing a de-identified data set, please explain them in detail (e.g., data contain potentially identifying or sensitive patient information) and who has imposed them (e.g., an ethics committee). Please also provide contact information for a data access committee, ethics committee, or other institutional body to which data requests may be sent.

b\) If there are no restrictions, please upload the minimal anonymized data set necessary to replicate your study findings as either Supporting Information files or to a stable, public repository and provide us with the relevant URLs, DOIs, or accession numbers. Please see <http://www.bmj.com/content/340/bmj.c181.long> for guidelines on how to de-identify and prepare clinical data for publication. For a list of acceptable repositories, please see <http://journals.plos.org/plosone/s/data-availability#loc-recommended-repositories>.

We will update your Data Availability statement on your behalf to reflect the information you provide.

4\. Please include captions for your Supporting Information files at the end of your manuscript, and update any in-text citations to match accordingly. Please see our Supporting Information guidelines for more information: [http://journals.plos.org/plosone/s/supporting-information](about:blank).
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**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: I Don\'t Know

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: This paper reports an analysis undertaken using the UK Biobank cohort to examine the relationship between multiple long-term conditions (multimorbidity) and the likelihood of testing positive to COVID-19. The aim of the paper is to contribute to the evidence base in an effort to assist in developing more robust risk stratification models to help protect those most vulnerable to COVID-19.

This paper reports that multimorbidity esp when combined with socioeconomic deprivation, renal impairment and BMI of 40 or more (measured a decade or more earlier) is associated with a greater likelihood of being tested and testing positive for COVID-19. Whilst they are not unexpected findings, they make a useful contribution to the literature as we build the evidence base to support clinical decision making during the COVID-19 pandemic.

The paper could be improved by addressing these questions:

• Baseline data are reported as being collected between 2006-2010 -- am I correct in thinking that the LTC status was established then? That is 10 years or more ago. If that is the case, people may have additional LTCs that you are not aware of. How have you accounted for this? The same questions should be answered for medications, physical activity, BMI, BP etc. There is one mention of this limitation in the discussion. This needs to be expanded upon and made clearer from the outset when describing the study.

• Can you explain how you decided the category cut-offs (e.g. age of 65yo?)

• The outcome is COVID-19 test or COVID-19 positive -- is there information about whether the person was unwell or not? Can you link with death or hospitalisation data or visits to GPs? This would strengthen the paper.

• Being limited to the age group of 48-86y is a significant limitation and should be discussed more fully. A key clinical question is whether and to what extent MM increases risk of COVID-19 for younger people (esp those from deprived areas), this is worth commenting on. I also found it very interesting to note that you report that if you are older than 65 and have no LTC then you are less likely (RR=0.66) to have a positive COVID-19 test -- this is worthy of discussion too and what it might mean for individuals and clinicians.

• Why did you exclude the 5 patients from Scotland and Wales?

• The group who were not tested is likely to include people who did have COVID-19 but were not ill enough to qualify for testing. This should be discussed in more depth in the discussion.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Manuscript Titled: Multimorbidity, Polypharmacy, and COVID-19 infection within the UK Biobank Cohort.

We have pleasure in resubmitting our revised manuscript and our response to reviewers' comments. In addition to our point by point response to the reviewers' comments, we can also confirm that the following journal requirements have been met in the revised manuscript:

1\. The revised manuscript is in the required PLOS One style.

2\. Updated Conflicts of interest statement:

"JPP is a member of the Scientific Advisory Committee of UK Biobank. This does not alter our adherence to PLOS ONE policies on sharing data and materials. All other authors have no potential, perceived, or real conflicts of interest."

3\. Updated Data availability statement:

"The data in this study is owned by the UK Biobank ([www.ukbiobank.ac.uk](http://www.ukbiobank.ac.uk)) and as researchers we are not entitled to republish or otherwise make available any UK Biobank data at the individual participant level (https://[www.ukbiobank.ac.uk](http://www.ukbiobank.ac.uk)/wp-content/uploads/2013/10/ukbiobank-data-management.pdf). However, any bona fide researcher can apply to use the UK Biobank resource for health-related research that is in the public interest by following the registration and access link [https://bbams.ndph.ox.ac.uk/ams/."](https://bbams.ndph.ox.ac.uk/ams/.”)

4\. Captions for our Supporting Information files have been included at the end of the revised manuscript, and in-text citations match these captions.

Thank you for your consideration and we look forward to your decision in due course.

Response to reviewers

Reviewer comment:

Reviewer \#1: This paper reports an analysis undertaken using the UK Biobank cohort to examine the relationship between multiple long-term conditions (multimorbidity) and the likelihood of testing positive to COVID-19. The aim of the paper is to contribute to the evidence base in an effort to assist in developing more robust risk stratification models to help protect those most vulnerable to COVID-19.

This paper reports that multimorbidity esp when combined with socioeconomic deprivation, renal impairment and BMI of 40 or more (measured a decade or more earlier) is associated with a greater likelihood of being tested and testing positive for COVID-19. Whilst they are not unexpected findings, they make a useful contribution to the literature as we build the evidence base to support clinical decision making during the COVID-19 pandemic.

Authors response:

We thank the reviewer for their comment.

Reviewer comment:

The paper could be improved by addressing these questions:

• Baseline data are reported as being collected between 2006-2010 -- am I correct in thinking that the LTC status was established then? That is 10 years or more ago. If that is the case, people may have additional LTCs that you are not aware of. How have you accounted for this? The same questions should be answered for medications, physical activity, BMI, BP etc. There is one mention of this limitation in the discussion. This needs to be expanded upon and made clearer from the outset when describing the study.

Authors' response:

We thank the reviewer for pointing out this issue. It is correct that baseline data including LTC counts were collected between 2006-2010. We agree that the LTC counts here will represent underestimates as LTCs tend to accumulate with age. We are unable to account for this other than to acknowledge this as a limitation of this dataset. However, LTC counts presented are underestimates and the associations presented are therefore also likely to be underestimates due to misclassification and regression dilution bias. This is described in the limitations section (page 20, line 390): 'However, LTC and medication count are likely to have remained the same or increased with time and therefore our effect size estimates may be conservative.'

We describe the measurement of LTCs (page 7, line 155) and polypharmacy (page 8, line 165) as being at baseline in the methods. We have made this clearer by adding a further sentence (page 8, line 169) to state this fact again:

'As for LTC and polypharmacy measures, all exposures were based on assessment at the time of recruitment.'

We have added a further sentence in the strengths and limitations section to expand on this limitation (page 20, line 387):

'Depending on the direction and level of change since recruitment, more up-to-date data on exposures (e.g. smoking, alcohol intake, physical activity, and post code of residence) could have provided different results.'

We hope that this limitation is now clearer for readers who are interpreting our results.

Reviewer comment:

• Can you explain how you decided the category cut-offs (e.g. age of 65yo?)

Authors' response:

We decided to use the age cut-off used by the Centre for Disease Control: \>65 years representing higher risk. (Centers for Disease Control and Prevention: Coronavirus Disease 2019 (reference number 14 <https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/older-adults.html>)

Reviewer comment:

• The outcome is COVID-19 test or COVID-19 positive -- is there information about whether the person was unwell or not? Can you link with death or hospitalisation data or visits to GPs? This would strengthen the paper.

Authors' response:

We thank the reviewer for this comment and agree that a more direct measure of severity like death or hospitalisation would strengthen the paper. Unfortunately, death and hospitalisation data were not available. However, a COVID-19 test during the study period here was ipso facto a proxy for more severe disease due to the testing strategy in place at the time as only those in hospital were being tested for COVID-19. We direct the reviewer to our comment on this issue in our strengths and limitations section (page 20, line 378): 'Secondly, the denominator for the test group included all those who had a negative test result as well as those who were not tested at all. At the time for which COVID-19 test data are available, the strategy in the UK had been to only test those in hospital (emergency department and inpatient) settings. This means the positive COVID-19 participants are likely to have had sufficiently severe clinical signs and symptoms to justify hospital assessment and those with COVID-19 but with mild symptoms are less likely to have been tested. Our results are therefore likely to reflect the associations with more severe COVID-19 disease.'

In addition, the novelty of our work is that it is the first to show a higher risk of COVID-19 infection in those with multimorbidity. There is already another preprint looking at multimorbidity and mortality (reference number 11).

Reviewer comment:

• Being limited to the age group of 48-86y is a significant limitation and should be discussed more fully. A key clinical question is whether and to what extent MM increases risk of COVID-19 for younger people (esp those from deprived areas), this is worth commenting on. I also found it very interesting to note that you report that if you are older than 65 and have no LTC then you are less likely (RR=0.66) to have a positive COVID-19 test -- this is worthy of discussion too and what it might mean for individuals and clinicians.

Authors' response:

We thank the reviewer for this comment. We agree it would strengthen the paper if a wider age range were available. And we agree that this is likely to be more important for more deprived populations who have higher mortality and multimorbidity at younger ages.

We have added the following to the strengths and limitations section (page 21, line 397):

'Finally, participants in this study were aged between 48-86 years old and associations between multimorbidity and COVID-19 may be different for younger age groups. This may be particularly important for participants from more deprived backgrounds who are more likely to have multimorbidity at a younger age.(38,39)'

We thank the reviewer for highlighting the result of those ≥65 years old having a lower risk of COVID-19. We have added the following to the results section...

Page 16, line 296: 'Of those with no LTCs, being ≥65 years old was associated with 34% lower risk of COVID-19 compared with those \<65 years old.'

Reviewer comment:

• Why did you exclude the 5 patients from Scotland and Wales?

Authors' response:

We only analysed those participants who were recruited from England as test data were not available for participants currently living in Scotland and Wales. The 5 participants with test data who were recruited from Scotland and Wales must have moved or travelled to England at some point in order to have COVID-19 test data available here. We adjusted for assessment centre location in our models in an attempt to reduce confounding due to geographical location and local epidemics. In order to simplify analyses, we excluded the few who were recruited outside England but had COVID-19 data.

Reviewer comment:

• The group who were not tested is likely to include people who did have COVID-19 but were not ill enough to qualify for testing. This should be discussed in more depth in the discussion.

Authors' response:

Please see our response to the comment above regarding lack of outcome data that measures disease severity more directly.

We have also added the following to the strengths and limitations to expand on this issue more (page 20, line 381):

'It is not known if the associations identified in this study would be similar for those with milder COVID-19 disease.'

###### 

Submitted filename: Response_to_reviewers_PLOS_ONE_final.docx
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Click here for additional data file.
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We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.
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